Introduction
Coarse-grained superplastic alloys respond in a unique way to industrial demands by showing high elongation to failure (>200%) at high strain rates (>10 −2 s −1 ) combined with reduced costs of the materials [1] [2] [3] . Such alloys can lead to the transition from niche applications, where currently "conventional" superplastic forming of fine-grained alloys is used, towards volume component production [4] .
The main mechanism responsible for superplasticity in coarse-grained Al-Mg based alloys is the solute drag creep [5] . In this case the strain rate sensitivity index m, which dictates the necking instability, has a value of 0.3. This value is lower than in the case of the fine-grained materials, where m = 0.5 [6] . As a consequence the coarse-grained materials will show in general lower values of the maximum tensile elongation. Nevertheless, the main advantage of superplasticity based on solute drag creep is that this mechanism has virtually no grain size dependence and therefore the preparation of such materials is less complex.
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simplification. This is because plastic deformation at a high temperature is accompanied by dynamic recovery and recrystallization. The microstructure undergoes important modifications leading to different microstructures that show less and less resemblance to the original. These processes, that are grain sizedependent, might influence the values of the maximum tensile elongation that can be obtained in a coarse-grained superplastic alloy.
In the present study we focus on an examination of the mechanical behavior and microstructural evolution in two coarse-grained Al alloys. First the parameters characterizing the superplastic deformation are determined, i.e. the strain rate sensitivity index and the activation energy for plastic flow. Next, the changes in the microstructure are revealed using orientation imaging microscopy (OIM).
Experimental
In this study two materials have been used: an Al-4.4Mg alloy and an Al-4.4Mg-0.4Cu alloy (in w/o). Specimens for tensile testing were laser cut from 2 mm thick cold-rolled metal sheets with the gauge direction parallel to the rolling direction and subsequently annealed for 10 min at 450 • C before deformation. Tensile elongation measurements were performed at constant crosshead speed under controlled temperature conditions using an Instron tensile machine and a three-zone-split furnace. The strain rate sensitivity index, m, and the activation energy, Q, were determined from strain-rate-change (SRC) tests. Two types of specimens were used for microstructural investigations. Several regions of a specimen deformed to fracture (325%) were investigated for large values of the strain (>1.5) and regions of partially deformed and subsequently quenched specimens were used for low strain values (<1.5). The specimens deformed to fracture were removed from the three-zone-split furnace after approximately 10 min. The partially deformed samples were quenched using a pressurized airflow with a cooling rate of the order of 25 • /s for the temperature interval between 450 and 250 • C and with about 2 • /s from 250 • C to room temperature (RT). Subsequent annealing experiments (not shown) indicate that the microstructure formed during high temperature deformation is stable during annealing at temperatures as high as 450 • C. Consequently the relative low cooling rates used for the samples in this study have little effect on altering the microstructure of the investigated specimens. The strain value at the position where the microstructure was investigated was determined from optical measurements of the cross-sectional area of the gauge of the deformed specimen. The grain structure of the material was determined using the orientation imaging microscopy (OIM) facility attached to a scanning electron microscope (SEM), Philips XL30-S FEG.
Results and discussion
The maximum values of the elongation to failure (260% for the Al-Mg alloy and, respectively, 320% for the Al-Mg-Cu alloy) were obtained for tensile tests performed at 450 • C and at a strain rate of 10 −2 s −1 [7, 8] . Other combinations of temperature and strain rates resulted always in lower values for the elongation to failure. In the case of Al-Mg-Cu alloy the variation of the flow stress as a function of the initial strain rate for several temperatures is presented in Fig. 1 . Here the values of the true stress are taken at a strain of 0.1. For the temperatures used in this study the stress and strain rate have a power law relationship, i.e. σ ∝ε m , where m is the strain rate sensitivity index. This relationship is valid for the entire temperature and strain rate intervals investigated (from 400 to 517 • C and from 10 −4 to 0.1 s −1 , respectively). The values of m as a function of strain rate and temperature are presented in Fig. 2 . At 517 • C the m values are scattered around 0.3 for the considered strain interval while at lower deformation temperature (400 • C) the strain rate sensitivity tends to decrease with increasing strain rate. The activation energy determined from the data from Fig. 1 is equal to 153 kJ/mol at a stress value of 25 MPa. This value is close to the activation energy for diffusion of Mg in Al (136 kJ/mol) [5] . Similar results were obtained for the Al-Mg alloy. The values of the strain rate sensitivity index and that of the activation energy indicate that solute drag on dislocation gliding is rate-controlling mechanism in these alloys.
A set of representative flow stress curves for the Al-Mg-Cu alloy deformed in uniaxial tension at 400 • C are presented in Fig. 3 . In all three cases the flow stress increases to a peak and then decreases sharply over a stress interval of about 0.05%. The high initial strength can be correlated with an initial low density of mobile dislocations and the flow stress decrease with dislocation multiplication and cross-slip [9] . After this peak the flow stress reaches a steady state value and a slight decrease of the stress with increasing strain is observed in Fig. 3 . The tests were performed at constant crosshead speed. The steady state, which is similar to creep experiments, indicates the existence of restoration mechanisms like dynamic recovery and/or dynamic recrystallization (DRX). The additional oscillation of the flow stress observed in the case of the deformation performed at 10 −1 s −1 might be related to the occurrence of dynamic recrystallization [10] . At lower strain rates (10 −2 or 10 −3 s −1 ) the flow stress curves suggest that the dynamic recovery is the main restoration mechanism [9] . This suggestion is supported further by the decrease in the average grain size accompanied by the increase of the fraction of low angle grain boundaries as the plastic strain increases (Fig. 4) . The dislocations generated during plastic deformation partly annihilate and partly rearrange in sub-boundaries. With further deformation more dislocations are absorbed by the sub-boundaries leading to an increase in the misorientation between the subgrains and the transformation of some of the sub-boundaries into grain boundaries. The newly Fig. 4 . Evolution of average grain size and of the ratio of low angle grain boundaries/high angle grain boundaries as a function of plastic strain. generated microstructure is characterized by a finer grain size and an increased grain boundary density as compared to the original material. A typical example of the deformed microstructure can be seen to the right side of Fig. 5 . The coarse-grained Al-Mg and Al-Mg-Cu alloys fail by prolonged necking and ductile fracture. Close to the fracture place the strain rate increases significantly leading to a local increase of the substructure density resulting in the appearance of dynamic recrystallization. This effect would account for the appearance of the coarse grains observed near the vicinity of the fracture tip (Fig. 5) .
Another structural effect observed is the modification of texture. The starting material has a predominant cube texture (Fig. 6a and c) . The materials deformed at a strain of 0.6 or higher present a strong 1 0 0 fiber texture with the fiber direction parallel to the deformation direction ( Fig. 6b  and d ).
Conclusions
The principal mechanism of plasticity in the Al-Mg and Al-Mg-Cu alloys investigated in this study is affected by solute drag on gliding dislocations, as indicated by a strain rate sensitivity index of the order of 0.3 and a value of the activation energy close to that for the diffusion of Mg in Al. The plasticity of these materials is further enhanced by reconstruction mechanisms like dynamic recovery and dynamic recrystallization. At temperatures lower than 450 • C and for strain rates up to 10 −2 s −1 the main restoration mechanism can be described as dynamic recovery. The dynamic recovery compensates the strain hardening and the deformation takes place in a steady state mode resulting in higher values for the maximum tensile elongation (260% for Al-Mg and 320% for Al-Mg-Cu). The deformed microstructure is characterized by a lower value of the average grain size and an increased density of low angle grain boundaries, as compared to the original materials. At higher strain rates or close to the fracture place dynamic recrystallization produces oscillations in the flow stress curves and a coarser microstructure.
